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Introduction 


The  research  carried  out  under  this  grant  was  in  support  of  work 
being  done  at  the  Air  Force  Weapons  Laboratory  to  develop  a continu- 
ously operating  laser  system  based  on  the  transition  in  atomic  iodine 

1(5^  ->  1(5^  + hvCl.315  p)  (1) 

The  excitation  mechansim  is  based  on  the  near  resonant  energy  exchange 
between  02(^A)  molecules  and  ground  state  iodine  atoms 

I + 02C^A)  -V  I*  + 02(^1)  C2) 

Molecular  oxygen  in  the  ^A  electronic  state  is  produced  chemically 
or  electrically  and  iodine  is  introduced  into  a continuously  flowing 
stream  of  excited  oxygen,  ultimately  leading  to  the  production  of  a 
population  inversion  on  the  1.315  y transition. 

A model  of  the  chemical  and  lasing  kinetics  of  this  system  has 
been  developed  at  AFIVL  by  Franklin  and  can  be  used  to  determine  optimum 
operating  parameters  and  scaling  information.  Included  in  this  model 
are  processes 

I*  + M ->■  I + M (3) 

I 

vdiich  de-excite  the  upper  state  laser  level  as  a result  of  collisions  | 

with  molecules  M.  It  is  important  therefore,  since  (3)  is  in  direct  ? 
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competition  with  stimulated  emission  for  the  available  energy,  that 
accurate  information  be  available  on  the  second  order  quenching  rate 
constants  for  the  molecules  M present  in  the  system. 

IXiring  the  early  stages  of  this  program  a substcintial  amount  of 
instrumentation  was  developed  to  permit  the  observation  of  very  high 
speed  photodeccmposition  kinetics  following  laser  photolyses  of  mole- 
cular iodine  and  related  compounds.  This  has  been  discussed  in  detail 
in  a Ph.D.  thesis  by  D.  H.  Burde  idiich  formed  the  bulk  of  the  report 
on  this  Grant  for  the  period  September  1975-August  1976.  The  apparatiis 
was  used  to  determine  a number  of  the  quenching  rate  constants  required 
above  and  more  recently  to  examine  their  behaviour  as  a function  of 
temperature.  These  temperature  studies  represent  the  new  work  carried  out 
during  the  past  grant  period  and  have  been  described  in  a paper  to  be 
submitted  to  the  Journal  of  Chemical  Physics.  This  paper  is  included 
as  a part  of  this  present  report. 

Results  and  Publications 
a)  Quenching  Rates 

2 

The  quenching  of  ^1/2^  atoms  by  various  species  has  received 
seme  previous  attention  in  the  literature.  Our  initial  studies  with 
M = I2  indicated  a second  order  quenching  rate  constant  almost  an 
order  of  magnitude  larger  than  the  previously  accepted  value  and 
indicated  measurements  should  also  be  carried  out  for  other  potential 
quenchers  in  the  iodine  atom  laser  system  in  order  to  have  reliable 
data  for  model  kinetic  con^)utations. 
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Second  order  quenching  rate  constants  at  295°  K for  deactivation 
of  I*  by  I2,  ©2,  H2O,  D2O,  H2O2,  CO2,  N2,  H2,  HD  and  D2  have  been 
determined.  Fbr  I2,  ©2,  H2,  HD  and  D2  measurements  have  been  carried 
out  on  the  temperature  dependence  of  the  rate  constants  between  295° 

K and  600°  K. 

Publication  of  this  work  has  appeared  as  follws: 

D.  H.  Burde,  R.  A.  McFarlane  and  J.  R.  Wiesenfeld,  Chem. 
Phys.  Lett.  296  (1975). 

D.  H.  Burde  and  R.  A.  McFarlane,  J.  Chem.  Phys.  64, 

1850  (1976) . ~ 

D.  H.  Burde  and  R.  A.  McFarlane-studies  on  temperature 
dependence- submitted  to  J.  Chem.  Phys.  and  included 
in  this  report. 

D.  H.  Burde,  Ph.D.  Thesis,  Cornell  University,  September 
1976. 

c 

b)  Collisional  Release  and  Complex  Photodeccmiposition  Kinetics 

By  studying  the  pressure  dependence  of  the  appearance  rate  of 
excited  iodine  atoms  following  short  pulse  laser  photolysis  of 
molecular  iodine  below  the  dissociation  limit,  it  has  been  possible 
to  demonstrate  that  excited  atom  production  is  consistent  with  the 
process 

I2(B  ) + M -»■  I*  (5  + 1(5  + M 

where  M = I2  or  N2.  A kinetic  model  has  been  set  up  which  shows  that 

the  appearance  rate  of  I*  from  this  process  should  be  equal  to  the 

> decay  rate  of  the  I2  B state  fluorescence.  Careful  computer  fitting 

i,  of  the  U.V.  absorption  data  which  represents  I*  population  does  indeed 

i 

i 
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indicate  a production  component  of  the  correct  form. 

The  laser  induced  decomposition  of  I2  is  however  more  conplex. 

A second  pathway  for  the  production  of  excited  iodine  atoms  was 
found  having  a different  rate  from  the  "Collisional  Release"  mechanism 
above.  The  process  also  proceeds  as  a result  of  collisions  but 
involves  an  electronic  state  of  I 2 other  than  the  B state.  The 
identity  of  this  state  has  yet  to  be  unambiguously  established. 

Efforts  to  determine  that  a two  photon  absorption  process  is 
responsible  leading  to  the  excitation  of  an  electronic  state  of  I2 
above  the  B state  have  been  inconclusive  and  more  mecisurements  are 
required.  The  electronic  state  is  clearly  a bound  state,  possibly 
the  state  correlating  with  ^2  ^nd  ionic  atom  states.  The 
data  obtained  provide  infomation  on  the  quenching  rate  of  this  state 
by  both  I2  and  N2  molecules. 

The  significance  of  the  observations  is  however  that  two  photon 
excitation  mechanisms  may  indeed  be  adequately  strong  to  provide 
molecular  excited  state  population  of  adequate  species  concentration 
to  be  of  value  in  kinetics  observations.  Previous  two  photon  studies 
have  largely  been  directed  at  obtaining  only  spectroscopic  information. 

This  work  has  been  published  as: 


D.  H.  Burde  and  R.  A.  M::Farlane,  Chem.  Phys.  295  (1976). 
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c)  Linesh^e  Effects 

The  use  of  atomic  absoiption.  spectroscopy  under  conditions  similar 
to  tliose  in  the  present  experiments  can  lead  to  the  necessity  of  mod- 
ifying the  simple  Beer-Lambert  law  of  absorption  by  an  empirical 
constant  y which  must  be  determined  by  measurement  over  the  range  of 
experimental  parameters.  A series  of  computations  were  made  designed 
to  explore  the  validity  of  such  a modification  and  to  determine,  if 
possible,  conditions  under  which  it  can  be  en^loyed.  It  was  found 
in  particular  that  for  the  measurements  of  iodine  atom  kinetics 
reported  here  only  a small  modification  of  the  Beer-Lambert  law  is 
required  and  indeed  our  measured  quenching  rates  (y  corrected)  have 
been  found  to  be  in  excellent  agreement  with  subsequent  observations 
made  using  fluorescence  techniques. 

This  work  has  been  puslished  as: 

C.  C.  Davis  and  R.  A.  McFarlane,  J.Q.S.R.T.  1^,  151  (1977). 
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Abst'»'act  of  Objectives  and  Accomplishments 

A new  experimental  technique  has  been  developed  to  study  gas 

phase  kinetics  on  a timescale  more  than  two  orders  of  magnitude 

faster  than  previously  possible.  The  kinetics  of  the  collisional 

production  and  deactivation  of  electronically  excited  iodine  atoms , 

2 

I*(  were  studied  by  selectively  photolyzing  molecular  I2 

with  a short  pulse  (10  nsec)  tunable  dye  laser.  The  excited  atom 
population  as  a function  of  time  following  each  laser  pulse  was 
detected  by  photoelectrically  monitoring  the  absorption  of  atomic 
iodine  resonance  radiation  at  206.2  nm.  In  this  way,  kinetic  processes 
on  a tens-of-nanosecond  timescale  were  observable. 

The  primary  goal  of  the  project  was  to  obtain  the  collisional 
2 

quenching  rates  of  I*(  several  collision  partners  of  interest 

in  pulsed  and  CW  iodine  laser  systems.  The  nonradiative  decay  by 
collisional  quenching  is  an  important  loss  mechanism  in  these  lasers 
and  accurate  quenching  rates  are  required  for  conputer  modelling  and 
efficient  laser  design.  A systematic  study  of  the  quenching  rate  of 
I*  as  a function  of  added  gas  pressure  was  undertaken.  By  using  a 
relatively  low  energy  photolysis  pulse  and  employing  signal  averaging 
to  inprove  signal- to-noise  ratios,  many  problems  which  conplicated 
earlier  high-energy  flash  photolysis  studies  were  eliminated.  High 
precision  pressure  measuring  equipment  and  conputer  analysis  of  the 
digitized  waveforms  permitted  accurate  determination  of  the  second 
order  quenching  rate  constants  at  295°  K for  deactivation  of  I*  by 
I2,  O2,  H2O,  D2O,  H2O2,  CO2,  N2,  H2,  HD,  and  D2.  Very  significant 
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differences  in  quenching  efficiency  were  observed  in  isotopically 
substituted  species  and  a very'  high  quenching  efficiency  was  found 
for  I2  and  also  for  O2,  for  which  a near  resonance  E ->  E energy 
transfer  occurs  with  I*.  To  further  probe  the  physical  processes 
causing  the  quenching,  the  temperature  dependence  of  the  quenching 
rates  for  I2,  O2,  H2,  HD,  and  D2  were  deteimined.  Results  of  the 
temperature  dependence  studies  supported  the  importance  of  resonant 
E ^ V energy  transfer  for  deactivation  by  H2,  HD,  and  D2.  The 
quenching  rate  was  found  to  increase  with  temperature  for  both  I2 
and  ©2,  with  small  activation  energies  for  each. 

The  second  major  area  of  work  involved  the  study  of  the 
collisional  production  of  excited  atoms  Cl*)  from  bound  electroni- 
cally excited  states  of  I2.  Significant  production  of  I*  was  found 
for  excitation  as  much  as  4.5  kT  below  the  dissociation  limit  of  the 
12(B)  state.  Using  the  high  speed  photolysis  system,  the  concentration 
of  I*  was  seen  to  continue  to  rise  for  several  hundred  nanoseconds 
after  the  laser  pulse.  By  studying  the  detailed  behavior  of  the 
rising  portion  of  the  signal  as  a function  of  pressure,  the  collisional 
production  of  I*  atoms  from  bound  states  of  I2  was  confirmed  and  a 
kinetic  model  for  this  "collisional  release"  process  was  developed. 

In  addition,  evidence  of  two  photon  absorption  to  a higher  lying 
bound  electronic  state  was  uncovered  and  collisional  decomposition 
from  this  state  was  also  measured. 

The  high  speed  photolysis  system  developed  in  the  course  of  this 


work  is  extremely  versatile  and  attractive  for  a variety  of  gas  phase 
kinetic  studies.  It  provides  selective  excitation  and  selective 
observation  as  well  as  excellent  sensitivity  and  speed. 
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LINESHAPE  EFFECTS  IN  ATOMIC  ABSORPTION  SPECTROSCOPY 

Christopher  C.  DAVistt  and  Ross  A.  McFarlane§ 

Cornell  University,  Ithaca,  NY  14853,  U-S.A. 

(Receieed  13  February  1976) 

Abstract— Deviations  from  Beer's  Law  caused  by  the  relative  lineshape  functions  of  source  and  absorber  in 
' atomic  absorption  experiments  are  considered.  The  validity  of  using  a modified  form  of  the  law 
incorporating  a correction  factor  y,  which  is  particularly  convenient  in  time-resolved  atomic  absorption 
experiments,  to  account  for  these  deviations,  has  been  critically  examined  for  a wide  range  of  source  and 
absorber  lineshapes  using  numerical  evaluation  of  the  transmission  integrals  involved.  It  is  concluded  that 
there  is,  in  general,  no  theoretical  justification  for  the  use  of  such  a y factor,  except  in  the  case  of  large 
source  linewidth/absorber  linewidth  ratios  when  the  line  broadening  in  the  absorber.involves  a significant 
homogeneous  (Lorentzian)  contribution.  The  use  of  empirically  determined  y factors,  much  different  from 
unity  to  analyse  experimental  data,  should  be  viewed  with  suspicion  unless  direct  evidence  is  presented  to 
show  that  under  the  experimental  conditions  y happens  to  be  constant  or  slowly  varying. 


INTRODUCTION 

The  absorption  coefficient  at  frequency  »» of  a spectral  line  with  a normalized  lineshape  function 
gM  is"’ 


a{p)  = (Ao^Aaigi/StrgOIN,  - (gi/gzjNxlgfp), 


(1) 


where  the  symbols  have  their  usual  significance.  In  a medium  with  such  an  absorbing  line,  the 
intensity  of  radiation  transmitted  a distance  s through  the  merlinm,  if  saturation  effects  are 
negligible,  satisfies  Beer’s  law 

/ = /oexp(-a.s),  (2) 


where  U is  the  intensity  of  the  radiation  at  s = 0.  If  g(p)  is  determined  predominantly  by 
homogeneous  broadening,  it  is  given  by  the  normalized  Lorentzian  lineshape  function 


Sl(p)  = (2lir^vs)l[i  + [2(p  - PoVAPNr}. 


(3) 


I 


where  Vo  is  the  line  centre  frequency  and  Apn  is  the  full  width  at  half  maximum  height 
(FWHM)  of  the  line.  When  inhomogeneous  broadening  predominates,  g(v)  is  given  by  the 
normalized  Gaussiah  lineshape  function 

0 

go(p)  = (2/APo)(ln  2/ir)'«exp  {-[2(p  - p„)/Ap„P  In  2},  (4) 

where  Apd  is  the  FWHM  of  the  line.  With  both  Lorentzian  and  Gaussian  broadening,  the 
lineshape  function  is  given  by  the  normalized  Voigt  profile"’’’ 


(5) 


where  y = Ap^  In2)'"/APD  and  x =2(p-  Po)(ln2)''VAPD:  Apn  and  Apd  are  the  FWHM  of  the 
Lorentzian  and  Gaussian  contributions  to  the  total  lineshape. 

The  Voigt  profile  can  be  written  in  terms  of  the  real  part  of  the  error  function  for  complex 
argument  9lW{zy^’  as 

g,(p)  = (2/Ap„){ln  2/7r)'"S?  W(z).  (6) 


IPrcscnt  address:  Electrical  Engineering  Department,  University  of  Maryland,  College  Park,  MD  20742,  U.S.A. 
tSchool  of  Applied  and  Engineering  Physics  and  Materials  Science  Center. 

{School  of  Electrical  Engineering,  Materials  Science  Center  and  Laboratory  of  Plasma  Studies. 
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where  z = x + iy.  The  function  lV(z)  has  been  tabulated;*’ 
function  Z(z)  tabulated  by  Fried  and  Conte*'*  by 


’ it  is  related  to  the  plasma  dispersion 


W(z)  = Z{z)li7r''\  (7) 

The  absorption  coefficient  of  a medium  with  a Voigt  profile  is  then 

a(i')  = a„S?W(2),  (8) 

where  Oo  is  the  same  as  the  absorption  coefficient  at  the  centre  of  a Gaussian  line  and  is  given 
by  the  expression 


«0  = 


Att 


I IT  ) g,^l'D 


(9) 


In  most  situations  encountered  in  atomic  absorption  spectroscopy,  N2<N,  and  we  may  write 
N,  = N and 


where 

L 

It  is  clear  from  eqns  (8)  and  (9) 
information  about  Ni  (provided  N2<N,)  and  A2,,  provided  the  lineshape  function  of  the 
absorber  is  known. 

In  practice,  it  is  difficult  to  find  an  ideal  monochromatic  source.  Tunable  dye  lasers  can  be 
used,  but  care  must  be  taken  to  ensure  that  their  emission  frequencies  are  stable.  In  some  cases, 
the  laser  may  be  operated  on  the  transition  used  in  absorption  [as  in  determinations  of  ground 
state  atomic  iodine  concentrations**'*].  In  general,  however,  atomic  absorption  experiments,  are 
performed  with  incoherent  line  sources  involving  the  atoms  studied  in  absorption. 

If  the  total  source  intensity  reaching  the  detection  system,  in  the  absence  of  absorbing 
material,  is  /o,  then  the  total  detected  emission  in  a small  frequency  range  di'  at  frequency  v is 
/og,(v)dj',  where  is  the  normalized  source  lineshape  function;  g,(v)  includes  all  the  effects 
of  line  broadening  and  reabsorption  within  the  source,  as  well  as  any  convolution  of  the 
spontaneous  emission  lineshape  function  of  the  source  with  the  frequency  transmission 
function  of  optical  elements  between  source  and  absorber.**’*  * 

For  a spatially  uniform  concentration  of  absorbing  material  of  constant  geometrical  length, 
the  observed  intensity  is  .< 

I = g.Me-'-'  d^,  (12) 

where  a{v)  = kNg(i>)  and  k = AoMjigj/STrg,.  Expanding  the  exponential  in  eqn  (12),  the 
transmission  becomes 


a„  = koN,  (10) 


that  monochromatic  absorption  measurements  at  yield 


T = II I„  = I - flF  + bPIV.  - tF’/3!  + • • •,  (13) 

where  F=  kNl^  and  tr  is  the  value  of  g(v)  at  the  line  centre.  The  coefficients  a.  b,  C are 

given  by  the  expressions 

/?.(»')«(»')  di/,  = g.(»’)[g(«')rd»',  ... 


Lineshapc  effects  in  atomic  absorption  spectroscopy 


153 


For  small  absorptions  (F«^  1).  eqn  (13)  gives 

ln(///o)  = -^J  (14) 

In  this  case,  a graph  of  In  {IJI)  vs  F is  linear  and  Beer’s  law  holds.  However,  when  the  total 
absorption  is  not  very  small,  eqn  (13)  shows  that  graphs  of  In(IJI)  vs  F are  no  longer  linear. 
The  resultant  “curves  of  growth"  have  received  considerable  attention. 

Determination  of  the  transmission  of  an  absorber  from  the  series  expansion  given  in  eqn 
(13)  is  not  practicable  for  F>  1 as  the  series  converges  slowly  and  it  is  better  to  evaluate  the 
integral  in  eqn  (12)  directly.  Some  results  of  this  type  have  been  given  by  Prugcer*'"  for  sources 
and  absorbers  having  Lorentzian  or  Gaussian  lineshapes.  If  the  source  and  absorber  lineshapes 
are  known,  the  coefficients  a,  b,  c...  can  be  determined.  For  small  values  of  F,  a function 
containing  the  first  few  terms  of  eqn  (13)  can  then  be  fitted  to  an  experimentally  determined 
curve  of  T vs  relative  absorber  concentration  to  determine  F.  This  method  has  been  used  by 
Morse  and  Kaufman,*'®’  Parkes,  Keyser  and  Kaufman’"’  and  Kaufman  and  Parkes"^’  by 
assuming  both  source  and  absorber  to  have  Doppler  profiles,  while  Braun  and  Carrington’’” 
have  considered  the  effect  which  self-reversal  of  the  source  has  on  the  transmission  of  a given 
Doppler-broadened  absorber.  Alternatively,  a “best  fit”  to  an  experimentally  determined  curve 
of  transmission  vs  relative  absorber  concentration  can  be  used  to  find  empirical  values  for  a,  b, 
c...,  and  hence  F,  without  specific  knowledge  of  source  and  absorber  lineshapes,’’*'"’  although 
a unique  “best  fit”  may  be  difficult  to  find.  If  this  occurs,  improved  results  can  be  obtained  by 
comparing  observations  made  with  different  sources’"’  (which  should  have  different  lineshape 
functions).  These  various  techniques  for  taking  into  account  source  and  absorber  lineshape 
effects  in  atomic  absorption  measurements  have  been  compared  by  Bemand  and  Clyne’’®’  for  a 
few  combinations  of  source  and  absorber  lineshapes.  Further  distortion  of  transmission  vs 
relative  absorber  concentration  curves  occurs  if  the  source  and  absorber  lines  are  closely 
spaced  multiplets  or  have  resolved  hyperfine  structure.  However,  this  problem  can  generally  be 
dealt  with  by  one  of  the  listed  methods  of  analysis.’"’"'*  ’*"'*’ 

An  empirical,  modified  version  of  Beer’s  Law  has  been  proposed"*’  which  accommodates  the 
effect  of  source  and  absorber  lineshapes  and  is  particularly  convenient  to  use  in  time-resolved 
atomic  absorption  measurements.  This  modified  form  of  Beer’s  Law,  which  should  be 
compared  with  eqn  (13),  can  be  written  as 

T = ///„  = e-’*”,  (15) 

where  y has  been  assumed  independent  of  absorber  concentration  over  the  range  of  absorber 
concentrations  used  in  very  many  time-resolved  atomic  absorption  experiments.’’*'*’'”’  In  such 
experiments,  if  the  transient  absorbing  species  decays  exponentially,  then  F = FoC""'.  Then,  if 
use  of  eqn  (15)  can  be  justified, 

lnln(l/T)  = yt/T+ylnFo,  (16) 

which  allows  determination  of  t from  a graph  of  lnln(l/r)  vs  f if  •y  is  known. 

As  is  discussed  briefly  by  Bemand  and  Clyne,’’*’  it  is  difficult  to  justify  the  use  of  such  a y 
factor  theoretically,  as  is  evident  by  comparing  eqn  (13)  and  the  series  expansion  of  eqn  (15), 
viz. 


r = ///„=l-F’'  + ^-^+---.  (17) 

Only  as  y-*1  and  a,  b,  c-*  I do  eqns  (13)  and  (17)  become  equivalent.  However,  the  u.se  of 
such  a y factor  has  been  demonstrated  to  be  empirically  correct  in  several  experiments  from 
the  relatively  good  linearity  of  In  ln(l/T)  vs  In  F plots.’’"*’  **”’ 

It  is  our  purpose  in  this  article  to  consider  carefully  when  the  use  of  such  an  empirical  y 
factor  may  be  justified.  To  this  end,  we  have  numerically  evaluated  the  integral  in  eqn  (12)  for  a 
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large  number  of  source/absorber  lineshape  combinations  over  a wide  range  of  absorption 
coefficients.  To  lest  the  validity  of  cqn  ( 15),  we  have  computed  curves  of  In  In  (loll)  vs  In  F for  each 
source/absorber  lineshape  combination.  By  numerically  differentiating  these  curves  we  have 
thus  determined  an  effective  -y  as  a function  of  absorption  and  have  concluded  that,  in  general, 
y is  not  independent  of  absorber  concentration.  We  will  deal,  in  turn,  with  the  results  for  each 
of  the  combinations  we  have  studied. 

(i)  Doppler-broadened  source  and  absorber 

In  this  case,  from  eqns  (4)  and  (12)  and  writing  Ati.  for  the  Doppler  widths  (FWHM)  of 
the  source  and  absorber  lineshapes,  respectively, 

JIh  = ^ exp  {-  IKp  - In  2} 

xexpI-Fexp{-[2(i'-  »'o)Ax„rin2}]dK  (18) 

Expanding  the  second  exponential,  this  gives 

///o=  1 -f7[(A.'./A./„)*+  1]’'^+  F"/2![2(A>-,/A«/„)^+  l]''"-FV3!(3(A./,/A»/.)*+  1]'”+-  • -, 

(19) 

where,  for  a Doppler-broadened  absorber, 

F = kNLcr  = -^(^—)''^^^^^NL.  (20) 

4jr  \ IT  / A«/„  g, 

However,  we  have  evaluated  the  integral  in  eqn  (18)  numerically  to  determine  the  dependence 
of  T on  absorber  concentration.  The  integral  was  rewritten  in  the  form 

II lo  = 2 2(ln  2/ir)''"  exp  [-4(Av)"  In  2]  exp  {-  F exp  [-4()vAv)"  In  2]}  dAv,  (21) 

where  w = A>',/Ai'„  and  (v  - i'o)/Av,  = Av;  computation  was  truncated  10  linewidths  from  the 
line  centre.'”’ 

To  determine  curves  of  growth,  the  integral  in  eqn  (21)  was  evaluated  at  uniformly  spaced 
values  of  In  F between  In  F = -4  and  In  F = 4 for  values  of  the  source/absorber  linewidth  ratio 
between  0.1  and  10.  Some  typical  curves  of  growth  obtained  in  this  way  are  shown  in  Fig.  1. 
However,  of  more  interest  are  the  curves  shown  in  Fig.  2 and  tabulated  in  Table  1,  which 
illustrate  the  dependence  of  the  y factor  on  observed  absorption. 

It  is  clear  that,  when  y deviates  significantly  from  unity,  it  is  not  independent  of  absorption. 
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Fig.  2.  y factor  variation  with  observed  absorption  for  a Doppler-broadened  source  and  absorber. 


Table  1.  y factor  variation  with  observed  transmittance  for  a Doppler-broadened  source  and  absorber 
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invalidating  the  use  of  the  modified  Beer's  law  when  a Doppler-broadened  source  and  absorber 
are  used.  Only  for  small  values  of  w,  (e.g.  the  0. 1 curve  in  Fig.  2)  does  the  absorption  follow 
Beer's  law  up  to  large  absorptions  with  a value  of  y close  to  unity. 

(ii)  Doppler-broadened  source  and  Lorentzian-broadened  absorber 
The  transmission  integral  evaluated  in  this  case  was 

///„  = 2|  2(ln2/rr)‘'"exp[-4(Av)’ln2]exp{-F[l-l-4(wAv)T’}Av.  (22) 

where  w = Ai'„  (source)/Al'^,  (absorber).  Some  typical  results  from  these  computations  are 
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shown  in  Fig.  3 and  Table  2.  In  this  case,  for  large  values  of  the  source/absorber  linewidth  ratio, 
7 changes  more  slowly  with  absorption  than  with  a Doppler-broadened  absorber  and  becomes 
approximately  constant  for  large  linewidth  ratios  and  absorptions. 

(iii)  l.orentzian-broadened  source  and  absorber 

The  transmission  integral  to  be  evaluated  in  this  case  is 

I/I(,  = 2j  ^(1 +4(Ai/)’)  ' exp{-F(l +4(h  Ai')'J  ‘IdAv,  (23) 

where  w = (source)/AvN  (absorber).  This  integral  can  be  evaluated  in  series  as 

...  ^ , F FM2+W)  FM8  + 9>v+3h>^) 

" l + w 2!2(1  + h-)^  3!  8(1  + IV)' 

^(j^29iv  + 20iv"  + 5iv’)  F'(128+325w  + 325iv'+ 175h’’  + 35)v")  . 

4!  (l  + iv)‘  5!  128(1  + IV)’  ''■■■■ 

However,  convergence  of  this  series  is  poor  for  F > I making  direct  numerical  evaluation  of 
eqn  (23)  desirable.  Because  a source  with  a Lorent/ian  lineshape  has  considerable  energy  in  its 
wings,  the  integral  was  truncated  at  1000  linewidths  from  the  line  centre.  Some  typical  results 
from  these  computations  are  shown  in  Fig.  4 and  Table  3.  The  trend  towards  a more  slowly 
changing  y with  absorption  for  large  values  of  iv  is  again  evident.  For  large  values  of  iv,  so 
much  of  the  emission  intensity  of  the  source  lies  outside  the  region  where  useful  absorption 
occurs,  that  large  absorptions  are  not  observed  for  the  maximum  values  of  F used  in  our 
computations. 

(iv)  Lorentzian-broadened  source  and  Doppler-broadened  absorber 
The  transmission  integral  evaluated  in  this  case  was 

///o  = 2 I — (1 +4(Av)*J'‘exp{-Fexp[-4(ivAv)’ln2J}dAv,  (25) 

Jo  “TT 

where  w = Av^,  (source)/Av„  (absorber).  Typical  results  from  these  computations  are  shown  in 
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Fig.  4.  y factor  variation  with  observed  absorption  for  a [.orentzian-broadened  source  and  absorber. 
Table  3.  y factor  variation  with  observed  transmittance  for  a Lorentzian-broadened  source  and  absorber 
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Fig.  5.  y factor  variation  with  observed  absorption  for  a Lorentzian-broadened  source  and  Doppler- 

broadened  absorber. 


Fig.  5 and  Table  4.  Once  again  in  this  case  of  a fXippler-broadencd  absorber,  y is  a steadily 
changing  function  of  absorption  except  when  y is  near  unity.  This  further  indicates  the  general 
invalidity  of  the  modified  Beer’s  law  for  Doppler-broadened  absorbers. 

(v)  Voigt -broadened  source  and  absorber 

The  transmission  integral  evaluated  in  this  case  was 

f 2 /In2\''’ 

f//o  = j ^W'(2)exp(-Fi«IV(2')/3?VV(»y)ldv,  (26) 
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TaWe  4 y factor  variation  with  observed  transmittance  for  a lairentrian-broadcned  suorce  and  Doppler-broadened 

absorber 
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where  t^vo,  is  the  FWHM  of  the  Gaussian  contribution  to  the  source  broadening.  With  Avn,  as 
the  FWHM  of  the  Lorentzian  contribution  to  the  source  broadening,  z is  given  by 

2 = jt  + ly,  where  x = 2(i/  - »'o)(ln  2)''VAi'd.  and  y = Avn,  (In  2)''^l£kVn, 

while,  for  the  absorber,  z'  = x'  + iy',  where  x'  = 2(v  - »>o)(ln  2)'”/Airo.  and  y'  = Av^^^fln  2)''VAi'o,. 
To  allow  comparison  of  the  results  with  those  for  Gaussian  and  Lorentzian-broadened  sources, 
we  use  the  Voigt  profile  normalized  to  unity  at  the  line  centre  in  the  second  exponential  factor 
in  eqn  (26).  This  ensures  that  this  second  exponential  factor  becomes  e“''  at  the  line  centre,  as 
before.  To  evaluate  the  real  part  of  the  error  function  for  complex  argument,  we  used  the  very 
accurate  algorithm  described  by  Reichel.""’  However,  as  pointed  out  by  Reichel  and  confirmed 
by  us,  this  algorithm  was  generally  unsuitable  when  either  x^>49  or  when  simultaneously 
x’<49  and  l/4y''^  1.  For  these  values  of  x and  y,  we  used  the  very  satisfactory  numerical 
expressions  for  9lW(z)  given  by  Gautschi  in  Ref.  (3).  Alternative  algorithms  for  SSWfz) 
described  by  Whiting'”’  and  Harstad'’®*  were  insufficiently  accurate  and  not  markedly  more 
convenient  to  use. 

Some  typical  results  obtained  from  eqn  (26)  are  shown  in  Fig.  6 and  Table  5.  The  figure 
shows  the  y-factor  dependence  on  absorption  for  sources  and  absorbers  with  Lorentzian 
width/Gaussian  width  ratios  of  unity.  These  curves  illustrate  the  behaviour  of  sources  and 
absorbers  with  line  shapes  intermediate  between  those  combinations  considered  previously  in 
(i)-(iv).  Again,  Fig.  6 illustrates  the  tendency  of  y to  change  more  slowly  with  absorption,  for 
large  source  linewidth/absorber  linewidth  ratios,  when  the  absorber  has  a substantial  degree  of 
Lorentzian  character. 
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Fig.  6.  r factor  variation  with  obterved  absorption  for  a Voigt-broadened  source  and  absorber  with  equal 
Lorentzian  and  Gaussian  widths. 
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Table  5.  y factor  variation  with  observed  transmittance  for  a Voigt-broadened  source  and  absorber  each  with 

Lorentzian  width/Gaussian  width  = I 
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(vi)  Model  one-dimensional  single  layer  self-reversed  Doppler-broadened  source  and  Doppler- 
broadened  absorber 

Sources  used  in  atomic  absorption  spectroscopy  frequently  have  lineshapes  modified  by 
reabsorption.  A simple  model  of  such  a source  is  one  where  the  source  is  extended  in  the 
direction  in  which  emission  passes  out  to  the  absorber,  is  Doppler-broadened  at  a uniform 
temperature  and  contains  a uniform  concentration  of  atoms  in  the  lower  level  of  the  emitting 
transition.  It  is  assumed  that  radiation  emitted  towards  the  absorber,  if  reabsorbed,  has 
negligibly  small  probability  of  being  reemitted  in  the  direction  of  the  absorber.  A capillary 
discharge  source  viewed  axially  as  a source  of  ion-resonance  transitions  could  satisfy  these 
conditions. 

Such  a source  can  be  viewed  as  a one-dimensional,  uniform,  single  layer.  If  the  absorption 
coefficient  at  frequency  v within  the  source  is  a(i'),  its  unreversed  normalized  lineshape 
function  is  g{v)  and  its  length  is  L,  then  its  normalized  self-reversed  lineshape  function  is 


gsM  = 


g[l  -e' 


I -e' 


where  the  normalization  factor  g is  given  by  the  expression 


g = (l-e-‘^-")[2 


n!2(nln2)''"  J 


(27) 


(28) 


Here  D is  the  optical  thickness  of  the  source  which,  for  a Doppler-broadened,  unreversed 
source  lineshape,  is  defined  by 

kNLglv)  = D exp  {-[2(v  - «'o)/A«'D,r  In  2}.  (29) 

For  this  type  of  source  and  a Doppler-broadened  absorber,  we  have  evaluated  the  transmission 
integral 


///o  = (tT^vST.)  {1  - exp  [-  D exp  {-  I2(v-  poV^v.]^  In  2}]} 

X exp  [-F  exp  {-\2(p-  Pa)l\PoT  In  2})  dv  (30) 

for  a wide  range  of  values  of  F,  D and  source  linewidth/absorber  linewidth  ratios.  Some  typical 
results  from  these  computations  are  given  in  Tables  6 and  7.  Once  again  in  these  cases,  where 
the  absorber  is  Doppler-broadened,  except  for  y ~ I,  y is  not  a slowly  varying  function  of 
absorption,  invalidating  use  of  the  modified  Beer’s  law  in  this  case. 
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Table  6.  y factor  variation  with  observed  transmittance  for  a model  one-dimensional  single  layer  self-reversed 
Doppler-broadened  source  (ILSRS)  with  optical  thickness  0 = 1 and  a Doppler-broadened  absorber 
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Table  7.  y factor  variation  with  observed  transmittance  for  a ILSRS  with  optical  thickness  D = 10  and 

Doppler-broadened  absorber 
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(vii)  Model  one-dimensional  single  layer  self-reversed  Doppler-broadened  source  and  Lorent- 
zian-broadened  absorber 

Here  we  have  used  the  same  source  lineshape  function  as  in  (vi)  and  evaluated  the 
transmission  integral 

IIIo=  - exp  [-D  exp  {-12/(>r  - uoMuof  In  2}]) 

X exp  l-F{\+  [2Hv  - •'oVAi'Ar.lT'] dir.  (31) 

Some  typical  results  are  given  in  Tables  8 and  9.  There  is  again  a tendency  for  y to  vary  slowly 
with  absorption  for  large  values  of  the  linewidth  ratio,  for  this  absorber  with  a Lorentzian 
lineshape. 

(viii)  Model  one-dimensional  three-layer  self-reversed  Doppler-broadened  sources  and  Doppler- 
broadened  absorbers 

The  one-dimensional,  one-layer,  model  of  a self-reversed  source  just  discussed  is  inadequate 
to  describe  most  neutral  resonance  line  sources  used  in  atomic  absorption  spectroscopy.  Braun 
and  Carrington*”*  have  proposed  an  improved  two-layer  model  of  a one-dimensional 
self-reversed  source  which  is  a better  approximation  to  reality.  They  treat  the  souice  as 
consisting  of  2 layers,  an  emitting  layer  and  a reversing  layer,  each  Doppler-broadened  at 
different  temperatures,  extended  in  the  direction  of  emission.  As  before,  a photon  emitted 
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Table  8.  y factor  variation  with  observed  transmittance  for  a ILSRS  with  optical  thickness  D • I and 

l-orent/ian-broadCiied  absorber 
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Table  9.  y factor  variation  with  observed  transmittance  for  a ILSRS  with  optical  thickness  D = W and 

Lorentzian-broadened  absorber 
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towards  the  absorption  cell,  if  reabsorbed,  is  assumed  to  have  negligibly  small  probability  of 
once  more  being  emitted  in  this  direction.  The  frequency  dependence  of  such  a model  is 

g.’fv) « (I  -exp(-Z?i  exp{-[2(«<-  »'o)M«rp,rin2}l)expI-f72exp {-I2(r'-  irn)Mv„,pln  2}), 

(32) 

where  D,  and  Dt  are  (he  optical  thicknesses  of  the  two  layers  and  Ai'n,  and  \vr>.  are  their 
respective  Doppler  widths.  An  example  of  such  a lineshape  is  shown  in  Fig.  7 at  /n,  which  is 
appropriate  for  Di  = Dj  = 1 and  (Avo./Avo,)’  = 1.5.  We  have  extended  this  model  to  include  a 
third  layer,  which  we  call  the  absorbing  layer,  which  further  reverses  the  source  lineshape,  and 
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Fig.  7.  Development  of  one-dimensional,  three-layer,  self-reversed  Doppler-broadened  source  line-shape 
(3LSRS).  The  optical  thickness,  temperature  and  unreversed  Doppler  FWHM  of  each  layer  are  D,,  T,. 

A"!),:  Di.  Ti,  Avo,;  D„  T„  Avn,  respectively.  The  figure  is  appropriate  to  D,:D,:D,=  1:1:1  and 

T,:n:T,=  15:20:3. 

gives  lineshapes  which  resemble  experimentally  observed  self-reversed  lineshapes  well.  This 
model  gives  lineshapes 

g:M  = /3{1  - exp  [-  D,  exp  - i'o)/Ap/),r  In  2}]} 

X {1  - exp  I-D2  exp  {-[2(i/  - In  2}]}  exp  [-D,  exp  {-[2(i'  - •'oVApd,]’  In  2}],  (33) 

where  is  a normalization  factor.  An  example  of  such  a line  shape  is  shown  in  Fig.  7 at  /o. 
Physically,  the  three  layers  in  such  a model  correspond  to  the  hot  emitting  region  of  a 
resonance  lamp,  the  hot  layer  of  non-emitting  gas  between  this  emitting  region  and  the  lamp 
window,  and  the  cooler  layer  of  absorbing  gas  in  contact  with  the  window. 

Using  the  above  model,  we  have  evaluated  the  transmission  integral 

f//o  = J g3(r')exp(-Fexp[-Fexp{-[2(p-i'o)/Avn.]’In2}])dp  (34) 

for  a variety  of  self-reversed  sources  with  different  parameter  ratios  D| : Dj : D,  and  Ti : Ts : T3  for 
a wide  range  of  values  of  F and  the  fundamental  source/absorber  linewidth  ratio  Avdi/Avd,- 
These  self-reversed  source  lineshapes  ranged  from  small  self-reversal  (D,  = 0.1,  D2  = 0.1,  Dj  = 1; 
T,:T2:T,=  15: 10;  3)  to  extreme  self-reversal  (D,=  100,  £>2=  \,D}=  100;  T,:T2:T,=  15:10:3). 
Results  showing  the  variation  of  y with  absorption  are  given  in  Fig.  8 and  Tables  11-14.  In  no 
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Fig.  8.  y factor  variation  with  observed  absorption  for  3LSRS  (D,;D,:D,>=  1:1:1;  T,:T,:T,’=  15:10:3) 
and  Doppler-broadened  absorber. 
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Table  10.  y factor  variation  with  observed  transmittance  for  a model  one-dimensional  three-layer  self  reversed 
rv>ppler-broadeneJ  source  (3LSRS)  with  D,  :Di:  D,  = 0.1 :0.1 : 1 and  T, : Tj:  T,  - 30: 10;3  and  a Doppler-broadened 

absorber 
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Table  11.  y factor  variation  with  observed  transmittance  for  a 3LSRS  (Di:Di:Dj  = 1 : 1 : 1;  T,:  T,:  T,  = 15: 10:3) 

and  Doppler-broadened  absorber 
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Table  12.  y factor  variation  with  observed  transmittance  for  a 3LSRS  (DitDj;  D,=  1:1: 1;  T,;  Tj:Ts  = 30;  10:3) 

and  Doppler-broadened  absorber 
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Table  n.  y factor  variation  with  observed  transmittance  for  a M.SRS  (D, : Dji  Di  = 10:1: 10;  T,  -.T,:T,  15:10:3) 

and  Doppler  broadened  absorber 
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Table  14.  y factor  variation  with  observed  transmittance  for  a 3LSRS  (D,: D,: Dj  = 100: 1 : 100;  T,:Ti:T,= 
15: 10:3)  and  Doppler-broadened  absorber 
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case  does  y approach  a nearly  constant  value  over  any  significant  range  of  absorption,  except 
when  Apo,/Apr>.  < I and  y-*  1.  This  once  again  shows  the  invalid  nature  of  the  modified  Beer’s 
law  for  y factors  < 1 when  the  absorber  is  Doppler-broadened. 


(ix)  Model  one-dimensional  three-layer  self-reversed  Doppler-broadened  sources  and  Lorenl- 
zian -broadened  absorbers 

Using  the  same  self-reversed  lineshape  function  as  in  Section  (viii),  we  have  evaluated  the 
transmission  integral 


f/fo  = J giiv)  exp  [-F{I  + [2(ir  - i'oVAi'nJT'I  dv  (35) 

for  a variety  of  source  parameter  ratios  Di : D2 : D,  and  Ti : Ty : Tj  and  a wide  range  of  F and  the 
fundamental  source/absorber  linewidth  ratio  tiVoftiVN,-  Typical  results  are  given  in  Fig.  9 and 
Tables  15-19.  These  results  show  that  y is  a more  slowly  varying  function  of  absorption  than  is  the 
case  for  Doppler-broadened  absorbers.  Furthermore,  for  large  values  of  the  linewidth  ratio 
y approaches  a fairly  constant  value  over  a wide  range  of  absorptions.  A number  of 
the  curves  tabulated  in  Tables  15-19  could  not  be  extended  to  large  values  of  absorption  for  the 
range  of  values  of  F used.  This  occurs  particularly  for  heavily  self-reversed  sources  and 
absorbers  when  the  ratio  Ai'd,/Ai'n.  is  large;  in  these  cases,  almost  all  the  emission  from  the 
source  lies  outside  the  region  of  significant  absorption. 
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Fig.  9.  y factor  variation  with  observed  absorption  for  3LSRS  (D,:Di:D,=  1:1:1;  r,:T,:Tj=  15:10:3) 
and  Lorentzian-broadened  absorber. 

Table  15.  y factor  variation  with  observed  transmittance  for  a 3LSRS  (D,:Dj:D,)  = 0.1 :0.1 : 1;  T,:Ti:T,= 
30:10:3)  and  Lorentzian-br  adened  absorber 
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(x)  Model  one-dimensional  three-layer  self-reversed  Doppler-broadened  source  and  Voigt- 
broadened  absorber 

The  transmission  integral  we  have  evaluated  in  thi.s  case  is 

///o  = J g,{‘')cxpl-F^WIz')liXW(iy')]dv.  (36) 

Results  from  these  computations  lor  a Voigt-broadened  absorber  whose  Lorentzian 
width/Gaussian  width  ratio  was  unity  are  given  in  Table  20.  Again,  for  large  source/absorber 
linewidth  ratios,  y becomes  nearly  constant  or  slowly  varying  for  this  absorber,  which  has  a 
substantial  degree  of  Lorentzian  broadening.  It  seems  to  be  a general  result  that,  for  Lorentzian 
absorbers  and  large  source/absorber  linewidth  ratios,  y may  become  nearly  constant  or  at  least 
more  slowly  varying  than  for  other  types  of  absorption  lineshape. 

DISCUSSION  AND  CONCLUSIONS 

Figures  1-9  and  Tables  l-20t  represenl  a comprehensive  survey  of  the  various  types  of 
source/absorber  lineshape  combinations  likely  to  be  encountered  in  time-resolved  atomic 

tOraphical  presentation  of  all  the  y factor/observed  absorption  curves  tabulated  in  Tables  1-20  and  the  curves  of  growth 
from  which  they  were  derived  are  available."" 
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Table  16.  y factor  variation  with  observed  transmittance  for  a 3LSRS  (O, : D,:  D>  * ) ; I : i;  T,:  Tt'.  T,  - 15;  JO:  3) 

and  la>rentiijn-br«>adened  absorber 
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Table  17.  y factor  variation  with  observed  transmittance  for  a 3LSRS  (D, : D,  = 1 : 1 : 1;  T|: Tj:  T>  = 30: 10:3) 

and  Lorentzian-broadened  absorber 
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absorption  experiments.  Typically,  in  such  experiments  very  reliable  information  about  the 
source  and  absorber  lineshapes  is  not  available.  The  experimentalist  may  know  whether  the 
absorber  lineshape  is  predominantly  Gaussian  or  Lorentzian  or  whether  the  source  is  strongly 
self-reversed  or  not,  and  perhaps  have  an  approximate  idea  of  the  source/absorber  linewidth  ratio 
involved.  When  only  limited  lineshape  information  is  available,  it  is  not  profitable  to  perform 
exact  calculations  but  the  y factor/observed  absorption  results  given  in  Figs.  1-9  and  Tables  1-20 
may  be  scanned  to  find  a source/absorber  combination  which  approximates  a given  experimental 
situation.  This  procedure  should  allow  the  experimentalist  to  determine  whether  y is  constant  or 
sufficiently  slowly  varying,  for  the  modified  Beer’s  law  to  be  used. 

Line-broadening  in  the  absorber  is  the  most  important  factor  determining  the  behaviour  of  y 
and  not  the  occurrence  of  self-reversal  in  the  source.  Except  for  source  linewidths  which  are 


I 


Lineshapc  effects  in  atomic  absorption  spectroscopy 


167 


Table  18.  y factor  variation  with  observed  transmittance  for  a 3LSRS  (CI|:T>2:0<~  10:1:10;  T,:T,:T,-  15:10:3) 

and  I.orentzian-broadened  absorber 
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Table  19.  y factor  variation  with  observed  transmittance  for  a 3I.SRS(D,:D,:D,=  100: 1 : 100;  T,:  T,:  r,=  I5;I0;3) 

and  Lorentzian-broadened  absorber 
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Table  20.  y factor  variation  with  observed  transmittance  for  a 31.SRS  (D, :D,:Dj  = 1 : 1 : 1;  T,:  T,:  T>  = 15: 10:3) 
and  Voigt-broadened  absorber  with  Lorentzian  width/Gaussian  width  = I 
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significantly  narrower  than  the  absorber  linewidth  (when  y approaches  unity),  Doppler- 
broadened  absorbers  never  exhibit  y factors  which  are  sufficiently  slowly  varying  for  the 
modified  Beer’s  law  to  be  used.  Substantial  line-wing  absorption  appears  to  be  essential  for  y to 
become  slowly  varying  or  nearly  constant.  With  absorbers  which  are  Lorentzian-broadened,  or 
Voigt-broadened  with  significant  Lorentzian  character,  y sometimes  becomes  relatively  slowly 
varying  for  linewidth  ratios  ~3  and  nearly  constant  for  linewidth  ratios  ~I0.  Linewidth  ratios 
as  large  as  the  latter  are  very  unlikely  to  be  encountered  in  practice.  We  conclude  that,  even 


Z 


C.  C.  DAvrs  iinJ  R A.  McFARUNt 


IfrX 


with  ;i  I.orentzian  or  Voigt-broadened  absorber,  y factors  greatly  different  from  unity  and 
slowly  varying  with  absorption  should  not  occur.  It  must  be  admitted  that  many  real 
experimental  situations  are  more  complex  than  the  sourcc/absorber  models  we  have  used  and 
other  factors  not  considered  in  our  models  may  contrive  to  make  y a slowly  varying  factor 
under  some  conditions.  However,  in  general,  we  feel  that  data  obtained  in  time-resolved  atomic 
absorption  experiments  analyzed  with  y factors  greatly  different  from  unity,  say  <0.9,  should 
be  viewed  with  suspicion  unless  data  demonstrating  that  In  In  (/J/)  vs  In  (absorber 
concentration)  plots  are  linear  throughout  the  range  of  absorber  concentrations  used  in  the 
analysis,  are  presented.  Once  y is  recognized  as  a varying  function  of  absorption,  attention  can 
then  be  paid  to  whether  an  average  value  of  y,  appropriate  to  the  range  of  absorptions  observed 
in  the  experiment,  should  be  used  to  give  more  accurate  results  than  would  be  obtained  by 
assuming  that  y=  I.  For  example,  in  Fig.  3,  which  treats  a Doppler-broadened  source  and 
Lorentzian  absorber,  for  observations  made  between  0 and  40%  absorption,  with  a 
source/absorber  linewidth  ratio  = 3,  y varies  from  I to  0.78.  It  would  probably  be  more  reliable 
in  such  a situation  to  use  an  average  value  of  y,  0.89  and  treat  this  as  constant,  rather  than 
neglect  y entirely  and  use  y = 1. 

It  should  be  noted  that  inaccuracies  introduced  because  y is  not  constant  and  not  equal  to 
unity  are  not  in  general  increased  by  using  self-reversed  sources.  Consequently,  in  atomic 
absorption  experiments  it  is  better  to  try  and  make  the  source/absorber  linewidth  less  than 
unity  rather  than  expend  effort  in  avoiding  self-reversal  in  the  source. 

One  further  complication  in  time-resolved  atomic  absorption  experiments  is  that  the 
lineshape  of  the  absorber  may  in  theory  itself  be  time-dependent,  although  hopefully  this  should 
not  happen  in  prtictice,  particularly  when  the  absorber  is  present  in  a large  excess  of  diluent.  If 
this  lineshape  were  to  vary,  its  time-dependence  would  probably  be  unknown  and  any  attempt 
at  reliable  analysis  of  the  data  would  be  impossible.  Indeed,  one  could  conceive  of  a situation 
where  the  time-dependence  of  the  absorber  lineshape  were  such  as  to  produce  observed 
absorptions  apparently  satisfying  eqn  (16),  with  a constant  y,  but  in  fact  yielding  totally 
erroneous  values  of  t.  It  would  therefore  appear  important  to  ascertain  that  the  absorber 
lineshape  is  not  time-dependent  through  being  a function  of  absorber  concentration.  Without 
this  possible  complication,  in  measurements  of  the  decay  rate  of  transient  absorbers  where  the 
modified  Beer’s  law  is  not  approximately  correct,  it  follows  from  eqn  (13)  after  writing 
F = F„e  that 


T = I - aFoC 


We 


2! 


cFo^e-’"’ 

3! 


(37) 


if  measurements  are  made  for  small  values  of  F,  direct  numerical  fitting  of  a function  aintaining 
a few  terms  of  eqn  (37)  should  yield  accurate  values  for  t,  without  using  an  unreal  y factor  to 
analyze  the  data  as  in  eqn  (16). 
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APPENDIX 

For  the  source/absorber  models  we  have  considered,  it  has  been  assumed  that  the  absorber  concentration  is  uniform 
along  the  absorption  path,  and  further,  that  all  rays  from  the  source  which  eventually  reach  the  detection  system  travel 
along  paths  of  the  same  length  through  the  absorber.  Under  these  conditions,  the  following  relationship  holds: 

///„-l-flf  + ^-— + ■ ■■,  (38) 

where  F = kNLcr,  and  a.  h.c.  ..  are  constants  determined  by  the  lineshapes  of  source  and  absorber.  We  can  show  that  a 
similar  relation  still  holds  even  if  the  absorber  concentration  is  spatially  non-uniform  and  Ihe  detection  system  receives 
rays  which  have  travelled  along  paths  of  different  length  through  the  absorbing  material.  We  will,  however,  assume  that  all 
these  rays  do  come  from  regions  of  the  source  which  have  the  same  lineshape. 

Under  these  conditions,  pencils  of  radiation  labelled  i travel  from  different  areas  of  Ihe  source  along  various  optical 
paths  through  the  absorber  to  the  detection  system.  For  each  pencil  i.  assumed  to  consist  of  a fine  bundle  of  parallel  rays 
travelling  along  Ihe  same  path  from  source  to  absorber.  Ihe  absorption  coefficient  experienced  at  some  point  z,  along  its 
path  is 


ade.z.)^ 


(39) 


where  N.(2i)  is  the  concentration  of  absorbers  at  point  Zi.  k is  a constant  and  g(<')  is  Ihe  lineshape  function  of  Ihe  absorber 
(assumed  to  be  independent  of  position  within  the  absorber). 

If  Ihe  intensity  of  the  ilh  pencil  at  frequency  e is  /,  (e.  z,),  then 


, -I  d/.lv.c,) 

a,(v,z.)  = -- , 

/,(v.  z,)  dz, 


which,  in  view  of  eqn  (39),  gives 


/.(e,  Z()  = /„^,(r)exp 


^Xf'.lKfvld 


4 


(40) 


(41) 


where  the  integral  is  taken  along  the  path  of  Ihe  ilh  pencil,  1.,.  /„  is  Ihe  initial  total  intensity  in  the  pencil  us  it  enters  the 
absorber  and  gAe)  is  the  source  lineshape.  For  many  such  pencils. 


2 /.(*•,  z,)  = g.(.)  2 e*P  [-/  kN.(r.)«(*')<i-7] 


(42) 


and  the  lotat  observed  intensity  is 


LV.(z.)g(E)dz,j.  (43) 

We  can  write  J A',(z,)dz,  = J,V,I,.  where  S,  is  the  average  value  of  S,  over  absorption  path  / of  length  1,.  Thus, 

/‘if  -*^.l4fli)  • “•-’k(E)|’-  • • Ida,  (44) 

' lo-ka'  X 6 ^ 2 /..,(N.)'I,'  - ■ • • (45) 


where  /©  K the  total  intensity  of  the  radiation  in  the  absence  of  absorbers  and 
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0=1  S. 


... 


We  can  urtle  Che  intensii)  of  the  /th  pencil  /o,  - pJo,  where  p,  i%  a factor  determined  by  the  geometry  of  the  experiment. 
Similarly,  for  the  average  concentration  of  ahvorbers  along  the  path  of  the  ilh  pencil  we  write  Ni  “ q,N,  where  N i$  the 
total  average  concentration  of  absorbers  and  q,  is  another  geometrical  factor.  The  length  of  the  ith  pencil  we  write  as  l|  » ttL, 
where  I.  is  the  length  of  the  absorption  cell.  Thus,  eqn  (45)  becomes 

l!L  ^ I - a’kNL  2 P.4  ^ 2 • 

Dp7  f'p' 

= + (47) 

where  F = kNLtr.  a result  similar  to  eqn  (78)  but  where  the  new  constants  A,  B,  C,...  are  determined  by  geometrical 
factors  as  well  as  by  'he  line-shape  functions  of  source  and  absorber,  i.e. 

A = - 5)  P.q.r..  B = T 5)  M.’'*’ 

tr  , I 

If  we  do  not  assume  that  radiation  coming  from  all  parts  of  the  source  has  the  same  line-shape,  then  eqn  (44)  becomes 


l = 2j  


where  g,,(v)  is  the  line-shape  function  of  the  source  emission  which  constitutes  the  ith  pencil.  Thus, 

/ = fo  - i 2 ^ 2 *.CW.’I,* , 


where  a',- J g.,(>')g(»')dK,  f>;  = J g.,(i')(/!(<')l'di'. . . and 


///,.  = l-AF-i-^-^+..,  (50) 

where  A = ^ 2 oip.l.r..  B = ^ S pencils  have  the  same  intensity,  that  is  if  the  source  has  uniform 

radiance,  then  p,  = l/n  where  n is  the  total  number  of  pencils  altogether.  Further,  if  all  paths  through  the  absorber  contain 
the  same  uniform  concentration  of  absorbers,  then  q.  = I and,  if  all  paths  are  the  same  length,  r,-l.  Even  if  the  line-shape 
(unction  of  the  absorbers  is  not  independent  of  position,  which  is  an  extremely  unlikely  occunenpe,  an  equation  of  the 
form  of  eqn  (50)  still  holds  but  simple  analytic  expressions  for  the  value  of  the  constants  A,  B.C,...  in  terms  of  geometric 
factors  and  line-shape  functions  do  not  exist. 
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Abstract 


5 2 

Tlifc  collisional  deactivation  of  excited  iodine  atoms  IfSp  ^1/2^ 
by  I^,  ©2,  H2»  and  D2  has  been  studied  as  a function  of  temper- 
ature from  295“  k to  600“  k.  The  decay  of  tlie  excited  iodine  atom 
concentration  following  dye  laser  photolysis  of  molecular  I 2 was 
detected  by  time-resolved  atomic  absorption  (295°  k)  and  by  time- 
resolved  atomic  fluorescence  at  1.315  pm.  Tlie  advantages  and  disad- 
vantages of  the  two  tediniques  are  considered  and  the  experimental 
results  are  compared  to  an  earlier  stucfy.  Very  substantial  discrep- 
ancies in  the  tenperature  dependence  of  quenclaing  by  molecular  1 2 
are  observed  when  the  present  results  are  compared  with  previous 
measurements. 
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I.  Introduction 

Hie  collisional  deactivation  of  electronically  excited  iodine 

5 2 1-3 

atoms  I*(5p  been  the  subject  of  many  experimental 

4-6 

and  theoretical  investigations.  Hie  majority  of  the  experimental 

work  has  employed  tlie  technique  of  time-resolved  atomic  absorption 

to  monitor  the  I*  concentration.  These  studies  have  generally 

employed  high  energy  flashlamps  to  flash  photolyze  I2  or  iodine 

compounds  to  produce  I*  atoms.  In  a new  technique  developed  in  this 

laboratory,  a tunable  dye  laser  was  used  instead  of  a broadband 
7 

flashlamp  system  to  selectively  photolyze  I2.  Combined  with  time- 

resolved  absorption,  the  excited  atom  concentration  could  be  monitored 

on  a very  much  shorter  timescale  than  was  previously  possible. 

The  excellent  time  response  and  sensitivity  of  the  system  were  utilized 

to  investigate  the  collisional  production  of  I*  atom  from  excited  I2 
7 8 

molecules  ’ and  to  measure  the  quenching  rate  of  I*  by  several  gases 

9 10 

at  room  temperature.  ’ 

The  present  paper  reports  the  rates  of  quenching  of  I*  atoms  by 
I2,  ©2,  HD,  and  D2  over  a wide  temperature  range.  The  quenching 
rates  were  first  determined  at  rocrni  temperature  using  time-resolved 
absorjJtion.  Then,  the  quenching  rates  were  determined  between  room 
temperature  and  300°  C using  time-resolved  fluorescence  from  I*  atoms 
at  1.315  p.  The  advantages  and  disadvantages  of  the  two  techniques 
are  considered.  'Ihe  validity  of  the  modified  Beer-Lambert  law  used 
extensively  in  analysis  of  time-resolved  absorption  exi^eriments  is 
discussed  in  detail.  Finally,  the  exj^erimental  results  are  comi^ared 
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to  ail  eai'lier  stucfy^*'  o€  the  temperature  dependence  of  1*  quenching 
which  employed  the  absorption  tecluiique  exclusively.  Very  substantial 
discrepancies  are  observed  in  the  case  of  quenching  by  molecular 
iodine . 


II.  Time-Resolved  Atomic  Absorption:  Room  Teiqierature  Data 

A.  Relation  Between  Obseived  Absorption  Signals  and  Absorber 
Concentration 

In  absorption  experiments,  the  observed  absorption  signal  must 
be  related  to  the  absorber  concentration  in  order  to  extract  useful 
kinetic  data.  In  general,  tlie  relation  between  absorption  and 
absorber  concentration  is  complicated  and  approximations  are  usually 
made.  In  particular,  the  modified  Beer-Lambert  law  I^^=  I^exp [- (e Nil ) ] 
describing  the  light  intensity  transmitted  through  an  absorbing  sample 
has  appeared  extensively  in  the  literature  in  tJie  analysis  of  time- 
resolved  absorption  experiments.  Ihere  has  been  some  confitsion  as  to 
the  limits  of  validity  of  this  approximation  and  tlie  physical  meaning 
of  'Y  factors".  This  section  will  discuss  these  considerations. 

Let  be  the  intensity  of  a monochromatic  wave  of  frequency 

propagating  in  a homogeneous  medium.  Let  N2  denote  the  concentration 
of  species  in  the  upper  state  of  the  transition  involved  and  denote 
the  concentration  of  species  in  tlie  lower  state.  As  the  wave  propa- 
gates, the  variation  in  the  intensity  due  to  induced  transition  is 
given  by^^ 


dl(v,,  z) 


go 

{ I ^2  ^—2 

^ H ^ 8tiv^ 


21 


R 


g C^r)  } ICVr,z)  (1) 
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vv'heix;  g(v)  = the  noniialized  absorjition  lineshape  function  for  the 
transition.  Therefore,  the  intensity  varies  with  distance  as 


(2) 


For  most  experiments  employing  absorption  techniques,  N2  « 82/8^ 

and  therefore 

a(v 

where  N H The  atomic  (or  molecular)  absorption  coefficient  at 
frequency  Vj^  is  given  by 


R- 


) = 


h.1^2 


X 

^R 


- g(Vj^)N 


(3) 


c(Vr)  = Cl  8CVr) 


(4) 


where 


^%1^2 
SttVo  Si 


(5) 


Here  Vj^  has  been  (ver)"  closely)  approximated  by  v^,  the  line  center 
transition  frequency  because  only  for  values  of  Vn  very  close  to  v 
is  g(Vj^)  non- zero. 

Finally,  the  intensity  after  patfi  length  I is 

I(vj^,£)  = I(Vj^,0)e"''^^R^^*'.  (6) 


Tills  is  the  Beer- Lambert  law  for  a monochromatic  wave.  The  absorber 
COTicentration  N may,  of  course,  be  a function  of  time. 
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In  general,  the  radiation  entering  the  absorbing  median  (as 
from  a resonance  lamp)  is  not  monochromatic  but  rather  has  a finite 
bandiv’idth  which  can  be  described  by  a normalized  lineshape  function 
p(v).  In  this  case,  an  integration  over  frequency  is  necessary  and 
gives 

O) 

!(«.)  = I(o)|  p(v)e"^L^8(v)j^^ 

— 00 

Therefore,  unless  the  absorption  lineshape  function  g(u)  is  constant 
over  the  range  of  frequencies  in  the  emission  line,  a siiqilo  Beer- 
Lambert  law  v^ill  not  accurately  describe  the  intensity  variation. 
Usually,  the  detailed  lineshapes  g(v)  and  p(v)  are  not  knoivii  cind 
may  be  very  coiqjlicated.  ivhat  is  needed  is  a relation  which  is 
analytically  tractable  and  approximately  correct  over  a limited  range 
of  absorption.  A modified  Beer-bambert  law  of  the  fonii 

= 1(0)  (8) 

has  been  proposed. In  this  relation,  is  the  light  intensity 
transmitted  through  an  absorption  cell  of  length  and  I(o)  is  the 
intensity  of  the  transmitted  light  when  N = 0.  y is  an  einiirical 
parameter,  Y £ which  must  be  determined  experimentally.  For  a y 
factor  of  1,  this  law  reduces  to  the  simple  Beer- Lambert  laiv.  How- 
ever, y values  much  less  than  1 indicate  a significant  deviation  from 
the  simple  law.  In  that  case,  this  approximate  law  will  generally 
only  be  useful  over  a limited  range  of  absorption.  It  should  be 
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noted  here  tliat,  unfortunately,  in  much  of  the  earlier  work  tliis  law 
was  written  as  = I(o)exi)  , resulting  in  units  of 

for  e.  To  be  correct  dimensionally,  Eqn.  (8)  must  be  used.  In 
either  case,  the  kinetic  analysis  of  the  experimental  results  depends 
only  on  the  fact  that  the  concentration  N appears  to  the  power  y. 

Therefore,  botli  forms  yield  the  sajiie  results. 

The  utility  of  the  modified  Beer-Lambert  law  for  time  dependent 
kinetic  studies  is  immediately  obvious  by  observing  that  ln[I(o)/I(t) ] = 
(EN(t)Jl)^  = const  X (NCt))''^.  As  the  overwhelming  majority  of  the  time- 
resolved  experiments  involve  monitoring  a simple  exponential  decay 
of  the  absorber  concentration,  N(t)  = NCO^)  exp(-kt),  the  observed 
time  dependence  is  therefore  described  by  (NCt)j''^  a expC-kyt),  again 
a siiT^ile  exiionential  decay  but  with  an  observed  decay  rate  of  = ky. 

Tlius,  use  of  an  approximate  law  of  tliis  form  sinq^lifies  analysis  of 
kinetic  data. 

The  validity  of  this  modified  Beer-Lambert  law  has  been  studied 
in  detail. Transmission  integrals  for  a variety  of  emission  and 
absorption  lineshapes  were  numerically  integrated  and  y values  were 
deteimined  as  a function  of  percent  absorption.  As  exiiected,  y values 
were  not  strictly  constant  over  a wide  range  of  absorptions.  Ibwever, 
for  absorptions  of  less  that  15%,  y values  in  the  range  0.8  to  1.0 
gave  good  approximations  to  the  theoretical  calculations  for  a wide 
variety  of  lineshapes.  The  calculations  show  tlrat  as  absori^tion 
->■  0,  y ->•  1 regardless  of  lineshapes. 

A gamma  factor  can  be  found  experimentally  where  absorbers  are 
produced  by  a photolysis  pulse  at  t = 0 by  plotting  ln{ln[I^^(t=0)/I^^(t=0^)]} 
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versus  In  N(t  = 0^).  This  yields  a straight  line  of  slope  y if 
this  modified  law  is  valid.  A curvature  in  the  plot  would  indicate 
that  Y is  not  a constant  over  that  particular  range  of  absorptions. 

For  many  experimental  conditions,  y has  been  found  to  remain  nearly 
constant  over  a reasonable  range  of  absorptions  and  this  modified 
Beer-Lambert  law  has  proved  to  be  a useful  approximation. 

For  the  experimental  arrangement  used  in  the  present  study, 

g 

Y was  found  to  be  0.89  + 0.07  for  absorptions  of  uj^  to  151.  Tliis 
is  in  good  agreement  with  the  theoretical  calculations  and  only  a 
minor  correction  to  the  simple  Beer-Lambert  law  is  necessary.  This  is 
one  significant  advantage  of  the  present  experiment  which  involved  only 
small  absorptions  over  earlier  studies  in  which  absorptions  greater 
than  so?  were  typical.  For  siiLall  ahsojyjtions , the  effects  of  complex 
lineshapes  are  minimized,  "y  factors"  are  close  to  1,  and  the  simple 
Beer-Lambert  law  is  nearly  correct.  Although  the  signal-to-noise 
ratio  is  relatively  poor  for  a single  shot,  the  signal  averaging  tech- 
nique very  effectively  improves  this  to  acceptable  levels.  Computer 
fits  utilizing  a few  hundred  points  per  average  absorption  trace  can 
give  decay  rates  accurate  to  a few  percent. 

B.  Experimental 

A block  diagram  of  the  exiierimental  apparatus  is  shown  in  Figure 
1.  A nitrogen  laser  was  used  to  pumjj  a dye  laser.  The  nitrogen  laser 
produced  a 10  nsec,  2 mJ  pulses  at  337.1  nm  at  a repetition  rate  of 
approximately  20  Uz.  The  dye  laser  produced  8 nsec  pulses  of  50-150 

O 

pj  with  a bandwidth  of  roughly  0.1  A,  tunable  from  470.0  nm  to  525.0  nm 
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using  4-iiiethyluinbelliferone  dye  in  an  acidic  methanol  solution. 

The  dye  laser  pulses  (or  the  N2  laser  pulses,  in  exjjeriinents  with 
n - were  admitted  to  an  externally  mirrored  cell  and  underwent 

a multiple  bounce  path  down  the  cell.  Atomic  iodine  resonance 
radiation  produced  by  a microwave  powered  iodine  lamp  passed  through 
the  cell  and  into  a McPherson  Model  225  vacuum  ultraviolet  mono- 
chromator which  was  used  to  isolate  the  206.2  nm  line  corresponding 

2 5 2 

to  the  transition  I (6s  ^3/2^  ^1/2^*  Absorption  at  this 

wavelength  permitted  the  observation  of  the  excited  atom  I*(5p 

concentration  as  a function  of  time  following  each  laser  pulse.  The 

absorption  signal  w'as  monitored  by  a Hamamatsu  type  R106UH  photomultiplier 

tube  and  was  digitized  by  a Biomation  Model  8100  transient  recorder. 

Following  each  laser  pulse,  the  waveform  was  digitally  transferred  to 

a Northern  Scientific  Nfodel  575  signal  averager.  The  time  constant 

of  tlie  detection  system  was  measured  to  be  20  nsec.  Due  to  the 

relatively  weak  absorjition  and  low  single  shot  signal-to-noise  ratio, 

t)'pically  10^  absorption  traces  were  signal  averaged.  The  data  was 

the  transferred  to  magnetic  tape  using  a Texas  Instruments  Model 

735ASR  electroiiic  data  terminal,  'llie  data  was  then  read  into  an 

IBM  370  computer  and  analyzed  using  non-linear  least  squares  fitting 
12 

routines. 

Pressure  measurements  of  the  gases  in  tl\e  absorption  cell  were 
made  by  two  gauges  attached  directly  to  the  cell.  A very  liigh  precision 
capacitance  manometer  (MKS  Baratron  Ty]:)e  305AH-10)  was  used  to  measure 
pressures  up  to  10  torr  with  a sensitivity  of  10  ^ torr.  In  addition, 
a monel  bourdon  tube  tyj)c  pressure  sensor  (Robinson-Flalpem  Model  144A) 
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was  used  to  measure  pressures  up  to  760  torr.  The  absoiption  cell 
was  attached  to  a grease-free  gas  handling  system  evacuable  to  lO'^ 
torr. 

Research  grade  O2,  H2  (Linde),  HD  (Merck,  Sharp,  and  Dohme) , 
and  D2  (Air  Products)  were  used  directly.  Individual  batch  analyses 
showed  negligible  impurity  levels.  Baker  reagent  grade  I 2 was 
distilled  onto  P2OJ  to  remove  water  vapor  and  then  fractionally  distilled 
into  the  absorption  cell.  The  n - C^F^I  (PCR)  was  fractionally  distil- 
led t^vice  from  dry  ice-methanol  batlis  to  remove  impurities. 

C.  Room  Temperature  Data  and  Results 

Ihe  rate  of  decay  of  excited  iodine  atoms  following  the  photo- 
lyzing  flash  is  given  by 

d[I=^]/dt  = - (A^,,  ’'d  ^ 

The  contribution  to  the  overall  decay  by  spontaneous  emission,  A^^, 
and  diffusion,  kjj,  were  negligible.  Under  these  conditions, 

d[I*]/dt  = -(E  k [Q])  [I*]  = -k[I*]  (10) 

Q ^ 

which  upon  integration  yields 

[int)]  = [I*(o)]  exp(-kt)  (11) 


i 
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where  the  photolyzing  flasli  occurs  at  t = 0.  Tlie  teniis  of  the  form 
kQ[Q]  represent  quenching  due  to  collisions  between  an  excited  iodine 
atom  and  a molecule  of  species  Q. 

The  modified  Beer-Lambert  law  = I(o)  exp[- (eN(t)J!,)^] 

\\!as  used  in  the  analysis  where  N(t)  = [I*(t)]  and  y = 0.89.  For  the 
small  absorptions  observed  (<  10%) , the  exponential  term  may  be  accu- 
rately approximated  by  expanding  in  a Taylor's  series  keeping  only 
first  order  terms  to  give 


I^^(t)  =1(0)  { 1 - (c£)Y  [I*(t;]^}  or 

/ 

I^^(t)  = I(o)  - const  X [I*(t)]^ 


(12) 

(13) 


where  [I*(t)]  = [I*(o)]  exp(-kt)  (Eqn.  11).  The  observed  decay  rate 
is  therefore  k^g^,  = yk  and  k = experimental  run, 

k was  calculated  in  this  manner  from  k^j^g. 

In  the  experiments  with  II2  and  D2,  n - C^Fyl  was  used  as  the 
source  material  for  I*  atoms.  ITie  N2  laser  was  used  directly  to 
photolyze  n - C^F^I  as  this  compound  absorbs  in  the  ultraviolet.  For 
the  studies  employing  HD,  I2  was  photolyzed  by  the  dye  laser  at  505.0 
nm.  TTie  pressure  of  I2  in  the  absorption  cell  was  held  consteint  by 
immersing  a sidearm  coldfinger  containing  excess  I2  crystal  in  a 0°  C 
bath,  yielding  Pj  =0.03  torr,  which  was  monitored  using  the  capacitance 
manometer.  All  data  were  taken  at  room  temperature. 

'fhe  data  for  H2,  HD,  and  D2  are  plotted  in  Figures  2-4.  The 
second  order  quenching  rate  constants  at  295“  k are  summarized  in 


••  «♦»«»» 


-11- 


Table  I.  The  results  for  I2  and  ©2  have  been  reported  and  discussed 
9 10 

earlier.  * Of  particular  interest  here  is  the  striking  difference 
observed  in  quenching  efficiency  between  H2,  HD,  and  D2.  In  the  work 
of  Butcher  et  al.,^  the  relative  rates  kjj^  > k^^^  > k^^  were  explained 
in  terms  of  resonant  E ->  V + R exchange.  Zimmerman  and  George 
carried  out  rigorous  quantum  mechanical  calculations  for  collisions 
restricted  to  collinear  configurations  to  yield  transition  probabilities 
between  the  spin-orbit  states  of  the  atom  ( Pj^^2  ^3/2^ 

vibrational  states  of  the  molecule.  Their  findings  predict  the  same 
ordering  of  quenching  efficiencies  as  Butcher  et  al.  The  present 
results  confirm  the  earlier  findings  of  these  large  isotope  effects. 

Tlie  temperature  dependence  of  these  quenching  rates  can  be  useful  in 


elucidating  the  details  of  the  quenching  mechanism, 
discussed  in  the  following  section. 
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III.  Time- Resolved  Fluoi'escence : 

Temperature  Dependence  of  the  Quendiing  Rates 

A.  Experimental 

'fhe  temperature  dependence  of  the  quenching  rates  for  I2,  O2, 

H2,  HD,  and  D2  were  investigated  from  room  temperature  to  approximately 
300°  C.  In  order  to  eliminate  the  complication  of  a y factor  and  its 
possible  variation  with  temperature,  these  studies  were  carried  out 
using  the  time-resolved  fluorescence  technique.  A block  diagram  of 
this  experimental  setup  is  shown  in  Fig.  5.  A cylindrical  fluorescence 
cell  was  constructed  of  pyrex  and  m'apped  with  heating  tape.  Three 
thermocouples  were  placed  along  the  cell  to  provide  temperature 
measurements.  A temperature  controller  was  used  to  control  the  current 
applied  to  the  heating  tape  and  to  thereby  maintain  the  cell  at 
selectable  fixed  temperatures.  Fluorescence  was  observed  at  90°  to 
the  photolyzing  dye  laser  beaju  through  a double  window  assembly, 
evacuated  to  provide  thermal  insulation.  An  LiSb  detector  was  used 
in  conjunction  with  an  infrared  bandpass  filter  to  detect  1.315 p 
radiation  corresponding  to  the  transition 

I*(5^  \y2^  ^ 1(5^  ^P3/2)  +hv(1.315  pm).  (14) 

Ihe  observed  fluorescence  intensity  is  directly  proportional  to 
[I*(t)],  greatly  simplifying  the  analysis.  Therefore,  the  observed 
fluorescence  signals  were  of  the  form  (Eqn.  11) 
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llie  A coefficient  for  tliis  electric- dipole  forbidden  transition  is 
18“  20 

\'eiy  small  and  hence  this  radiatim  is  relatively  weak.  Signi- 

ficantly greater  concentrations  of  excited  atoms  were  required  for 
acceptable  signals  in  this  system  as  compared  to  the  absorption 
system.  For  this  reason,  a higher  energy  flashlanp-punped  dye  laser 
(Phase- R DL2100C)  was  used  to  flash  photolyze  molecular  1 2 to  produce 
I*  atoms.  The  laser  was  run  untuned  with  coumarin  102  and  produced 

300  nsec,  50-150  mJ  pulses  centered  near  480  nm  to  promote  1 2 molecules 

7 

into  the  B state  continuum  and  produce  I*  atcxns  by  photodissociation. 
The  remainder  of  the  system  was  identical  to  that  shown  in  Fig.  1.  The 
response  time  of  the  fluorescence  detection  system  was  limited  by  the 
InSb  detector  and  was  approximately  1 ysec.  The  use  of  molecular  I2 
as  the  photolyzed  material  rather  than  an  iodine  coiipound  eliminated 
the  possibility  of  contributions  to  the  observed  decay  by  any  radicals 
produced  during  photolysis.  These  radicals  may  have  significantly 
affected  earlier  high-power  flashlanp  photolysis  studies. 


B.  Data  Analysis  and  Results 

The  first  exi)eriments  were  carried  out  with  pure  12^^  the  fluores- 
cence cell.  In  order  to  confirm  our  previously  reported  value  of 

g 

k,  at  room  temperature  obtained  by  the  atomic  absorption  technique, 

^2 

a series  of  runs  were  caiTied  out  at  different  I2  pressures  as  controlled 

by  a sidearm  coldfinger  attached  to  the  fluorescence  cell.  Ihe  data 

-11  3 -1 

is  plotted  in  Fig.  6.  The  value  k,  =3. 7+0. 3x  10  cm  molecule 

^2 

-1  ^ 

sec  was  obtained,  in  excellent  agreement  with  our  previous  result 

21-23 


which  also  has  been  confirmed  by  other  workers. 
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In  the  work  of  DeakLii  aid  Husain  who  studied  the  temperatuie 

dependence  of  k,  einiloying  time- resolved  absorption, a series  of 

^ -12 
runs  were  also  taken  at  roan  tcn^erature  and  a value  of  k,  = 4.1  x 10 

3-1-1  ^ 

an  molecule  sec  was  obtained,  a very  serious  discrepancy.  In 

their  ejqieriment,  no  coldfinger  containing  excess  I2  crystal  was  directly 

connected  to  the  reaction  vessel.  Rather,  helium,  used  as  a buffer 

gas,  was  circulated  through  a gleiss  spiral  containing  1 2 crystals  held 

at  various  slush  tenperatures  and  then  into  the  reaction  vessel.  It 

was  assumed  that  the  (partial)  pressure  of  I2  was  equal  everywhere  in 

the  system  to  its  vapor  pressure  at  the  slush  temperature.  The  reaction 

vessel  was  then  sealed  off  and  an  experimental  run  taken.  It  is  possible 

that  incomplete  mixing  resulted  in  a pressure  of  I2  in  the  reaction 

vessel  of  less  than  that  expected,  resulting  in  a slaver  observed  decay 

ajid  therefore  in  a much  smaller  indicated  value  of  k,  . There  may 

^2 

also  have  been  an  additional  drop  in  I2  pressure  once  the  reaction 
vessel  was  sealed  off.  In  our  own  work  using  the  high  precision 
capacitance  manometer,  it  has  been  clearly  seen  that  if  I2  vapor  is 
admitted  to  a cell  without  excess  crystal  in  a coldfinger  and  the 
cell  is  scaled  off  with  a greaseless  teflon  stopcock,  the  pressure 
invariably  falls.  This  effect  is  also  evident  visually  as  a brown 
staining  of  the  teflon.  Therefore,  in  all  experiments  requiring  a 
fixed  pressure  of  I2  vapor,  it  is  recommended  that  a coldfinger  with 
excess  I2  crystal  be  attached  to  the  cell. 

For  all  of  the  present  temperature  dependent  studies,  a cold- 
finger containing  1 2 crystals  attached  to  the  fluorescence  cell  was 
immersed  in  a 0°  C bath.  The  coldfinger  tube  diameter  was  greater 
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tliiui  ten  times  the  mean  free  path  of  molecules  and  therefore  thennai 
transpiration  effects  between  the  coldfinger  and  the  heated  section 
of  tlie  fluorescence  cell  were  negligible.  The  degree  of  thormal  dis- 
sociation of  I2  vapor  was  also  considered.  Several  workers^"^  have 

studied  the  dissociation  process  12(g)  ^ 21(g).  The  equilibrium 

2 

constant  for  this  process,  K = (P^)  /P,  (pressure  measured  in  atmospheres), 

p i ±2 

is  related  to  the  change  in  the  free  energy  by  InKp  = -AF°/RT.  Using 

28 

the  latest  thermochemical  data  for  the  free  energy  of  l2Cg)  lCg)» 

Kp  was  calculated  from  this  relation  yielding  values  in  very  good 

agreement  v^^ith  the  experimental  data.  At  the  highest  tenperature  reached 

in  tlie  present  studies,  T = 643°  K,  K = 1 x 10  Thus,  for  P,  = 

p I2 

0.03  torr,  P_  = 0.0015  torr,  or  5%  of  P^  . At  lower  temperatures  this 
percentage  drops  very  rapidly.  Lhder  these  conditions  of  negligible 
thermal  dissociation  and  the  absence  of  thermal  transpiration  effects, 
tlic  pressure  of  I2  is  constant  at  0.03  torr  everywhere  in  the  fluores- 
cence cell.  The  concentration  of  I2  molecules  in  the  heated  section 
of  the  cell  is  given  by  [l2]jj  = Pj 
Tjj  is  the  tenperature. 

The  observed  first  order  decay  constant  is  given  by  k = kj  II2I11* 

By  dividing  k by  [l2]jj»  determined  over  the  tenperature  range 

T = 295°  k to  643°  k.  The  data  are  conveniently  expressed  in  terms 

of  the  Arrhenius  expression  k^  = Aq  exp(-EQ/RT)  where  Eq  is  the 

effective  activation  energy  for  quenching  by  species  Q.  A plot  of 

In  k.  versas  1/T  is  shown  in  Fig.  7.  The  Arihenius  parameters  are 
^2 

sumnarized  in  Table  II.  Hie  activation  energy  is  positive  ,-md  k. 

^2 

increases  slightly  with  tenperature.  This  is  in  disagreement  with  the 
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earlier  stuc^"  in  whicli  a large  negative  value  for  the  activation  energy 
was  obtained.  In  view  of  the  large  error  in  the  room  teitperature  rate 
of  the  earlier  study,  it  is  quite  possible  that  effects  otf  incomplete 
mixing  of  I2  vapor  v\rith  the  buffer  gas  perhaps  further  conplicated  by 
tcnperature  gradients  along  the  circulating  system  were  responsible 
for  the  previously  observed  tenperature  effects.  The  activation  energy 
determined  in  this  study  is  + 0.5  kcal/mole  indicating  a relatively 
small  energy  barrier.  At  643°  K,  k,  has  increased  to  approximately 
150 °5  of  its  room  tenperature  value. 


The  deactivation  of  excited  iodine  atoms  by  oxygen  molecules 

29 

was  found  by  Deriv'ent  and  Thrush  to  proceed  predominantly  by  the  near 
resonant  E ->■  E energy  transfer  process 


I*(55  ^ ^^3/2^  ^ 
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which  is  endothermic  by  0.8  kcal/mole.  The  room  tenperature  rate 

-11  3 -1  -1^^ 

constant  of  2.6  x 10  cm  molecule  sec  is  extremely  large.  To 
stucfy  the  tenperature  dependence  of  the  O2  quenching  rate,  the 
fluorescence  cell  coldfingcr  was  immersed  in  a 0°  C bath  yielding  a 
pressure  of  I2  of  0.03  torr.  O2  was  then  admitted  to  the  fluorescence 
cell,  the  pressure  recorded,  and  the  cell  closed  off  while  at  room 
temperature,  'flie  main  bod>'  of  the  fluorescence  cell  was  then  heated 
to  a selected  tenperature  and  after  equilibration,  a run  was  taken  to 
determine  tJie  fluorescence  decay  rate.  The  cell  was  then  heated  to 


I 
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other  temperatures  and  subsequent  runs  taken.  Hiis  procedure  was 
repeated  several  times  at  different  tenperatures.  Hie  cell  was  then 
cooled  and  evacuated  and  tlie  procedure  was  repeated  witli  a fresh  fill 
of  gas. 

As  described  above,  the  iodine  molecule  concentration  in  the 
heated  section  was  calculated  by  the  relation  {ItIo  = Pt  /koT,,  where 

^ FI  ^2  ^ 

P.  = 0.03  torr.  In  the  case  of  a uniformly  heated  cell,  the  pressure 
of  the  added  gas  (in  this  case,  O2)  increases  as  the  tenperature  is 
raised  while  the  concentration  remains  constant  (N^) . However,  in  the 
present  case,  because  the  coldfinger  was  not  heated  (11%  of  the  total 
cell  volume) , as  the  tenperature  of  the  main  body  of  the  cell  was 
raised  the  added  gas  concentration  decreased  slightly  in  the  heated 
section  and  increased  in  the  coldfinger.  The  concentration  in  the 
heated  volimie  at  temperature  Tjj  was  related  to  the  initial  room 
teiqjerature  concentration  by  the  relation 


N'oCVj,  ^ V^) 

Th 

V + — V 
H T 


(17) 


where  = coldfinger  volume 

= coldfinger  tenperature. 

Ihis  correction  factor  was  enployed  for  all  of  tlie  data  analyzed. 
The  heated  cell  concentrations  were  always  witiiin  12%  of  the  room 
tenperature  fill  value  even  at  the  highest  temperatures  enployed. 

For  each  experimental  run,  the  observed  decay  rate  was  given  by 
k = kj  [l2]n  * ^0  ^*^2^11  particular  ten^ierature,  Tj^.  Using 


-18- 


thc  best  fit  Arrhenius  parameters  for  k,  found  in  the  pure  I, 

temperature  dependence  studies,  the  value  of  kj  determined 

and  subtracted  from  k.  The  value  of  k„  was  then  calculated, 

^2 


using  Equation  17  to  give  tJie  (corrected)  value  of  [0~]„.  The  data 

L n 

are  plotted  in  Fig.  8.  The  Arrhenius  parameters  are  presented  in 
Table  II,  The  activation  energy  found  was  substantially  greater  than 
the  value  obtained  by  Deakin  and  Husain^^  and  indicates  a significant 
energy  barrier  for  tliis  process. 


II2,  HD,  D2 

The  rate  of  quenching  of  I*  at  room  temperature  was  found  to  differ 
significaiitly  among  these  species,  the  quenching  rate  differing 
by  more  than  taco  orders  of  magnitude  for  HD  and  D2.  It  was  of  parti- 
cular interest  to  stuc^'  the  temperature  dependence  of  the  quenching 
by  these  gases.  The  experimental  procedure  was  identical  to  tliat 
followed  for  the  O2  tenperature  dependence  studies.  The  e:!q)erimental 
data  and  the  best  fit  Arrhenius  parameters  are  shown  in  Fig.  9-11 
and  Table  II. 

-13  3 

The  quenching  rate  by  H2  increased  drajnatically  to  5 x 10  cm 
molecule  ^ sec  ^ at  300°  C.  The  activation  energy  of  2.6  kcal/mole 
is  substantially  higher  than  the  value  reported  by  Deakin  and  Husain. 

The  quenching  rate  by  D2  was  found  to  decrease  with  temperature  but 
much  more  slowly  than  reported  in  the  earlier  study.  Tlie  tenperature 
dependence  of  quenching  by  HD  has  not  been  previously  reported.  The 
rate  was  found  to  increase  slightly  with  tenperature  to  approxiimately 
double  the  room  temperature  rate  at  300°  C. 
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llie  tenperature  variation  of  the  quenching  of  I*  by  H2  and  D2 
has  been  discussed  in  terms  of  resonant  E V + R transfer  processes 
of  the  fomi^ 

I*  + H2(v",J’')  I + »2Cv',  J’)  + AE^  (18) 

where  AE^  is  the  energy  tranferred  to  translation.  It  was  proposed 
that  the  rate  of  quenching  of  I*  was  dependent  primarily  on  three 
factors.  Channels  for  which  AE,j,  was  small  should  be  greatly  enhanced. 
Also  the  quendiing  rate  sliould  depend  on  the  average  collision 
frequency  and  on  the  population  of  the  relevant  v”,  J”  states  as  a 
function  of  temperature.  Tliis  elementary  tlieory  predicted  a substantial 
positive  activation  energy  for  tlie  quenching  by  H2.  The  present 
results  sipport  this  conclusion.  Rar  1)2,  a small  negative  activation 
energy  was  predicted  in  quantitative  disagreement  with  the  earlier 
experimental  results.  The  results  of  the  present  stuc^  do  in  fact 
show  a vcr>'  small  negative  activation  energy  for  quenching  by  D2. 

Further  theoretical  work  on  the  H2,  HD,  D2  system  would  be  beneficial. 

In  particular,  extension  of  earlier  quantum  mechanical  studies  to 
include  temperature  dependence  would  be  of  value. 
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Table  I 


Second  order  quenching  rate  constants  for  the  deactivation  of 


I-(  Pi;2) 

at  295°  K as  detemined  by 

time-resolved  atomic  absorption, 

Quendiing 

f-blecule 

3 -1  -1 

k^(an  raolecule  sec  ) 

This  work 

Literature  value 

Ref, 

I2 

3.6  ± 0.3  X 10“^^(a) 

3.0  X lO'^^ 

17 

«2 

2.5  ± 0.3  X lO'^^Cb) 

2.5  X 10'^^ 

11 

»2 

9.8  ± 1.0  X 10"^"^ 

1.1  X 10“^^ 

6 

HD 

3.1  + 0.3  X 10‘^^ 

-13 

3.2  X 10 

6 

^2 

2.4  ± 0.3  X 10"^^ 

1.0  X 10"^^ 

3 

(a)  From  Reference  9. 

(b)  From  Reference  10. 


-23- 


Table  II 


Arrhenius  Pairimeters  (k  = A exp(-E/Rr))  for  the  Deactivation  of 


) 


Quencliing 

ffelecule 

I2 

«2 

HD 

D-, 


3 -1 

A(cni  molecule 

8.0  + 0.8  X 10 

1.6  ± 0.5  X 10 

4.6  + 2.3  X 10 

1.6  ± 0.2  X 10 
2.3  + 0.8  X 10 


sec 

-11 

-10 

-12 

-12 

-15 


-1 


1 


EQccal/mole) 
0.5  ± 0.1 
0.8  + 0.2 
2.6  + 0.3 
0.9  + 0.1 
-0.2  ± 0.2 
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Figure  Captions 

Figure  1.  Block  diagram  of  the  experimental  apparatus  used  in  the 
time- resolved  atcmiic  absorption  studies. 

Figui'e  2.  Quendring  of  I*  by  H2  at  295°  K as  determined  by  time- 
resolved  atomic  absorption. 

Figure  3.  Quenching  of  I*  by  HD  at  295°  K as  determined  by  time- 
resolved  atomic  absorption. 

Figure  4.  Quenching  of  I*  by  D2  at  295°  K as  determined  by  time- 
resolved  atomic  absorption. 

Figure  5.  Block  diagram  of  the  experimental  apparatus  used  in  the 
time- resolved  atomic  fluorescence  studies. 

Figure  6.  Quenching  of  I*  by  I2  at  295°  K as  determined  by  time- 
resolved  atomic  fluorescence. 

Figure  7.  Quenching  of  I*  by  I2  as  a function  of  tenperature  as 
determined  by  time-resolved  atomic  fluorescence. 

Figure  8.  Quenching  of  I*  by  O2  as  a function  of  tenperature  as 
determined  by  time-resolved  atomic  fluorescence. 

Figure  9.  Quenching  of  I*  by  H2  as  a function  of  temperature  as 
determined  by  time-resolved  atomic  fluorescence. 

Figure  10.  Quendiing  of  I*  by  ilD  as  a function  of  temperature  as 
determined  by  time-resolved  atomic  fluorescence. 

Figure  11.  Quenching  of  I*  by  D2  as  a function  of  tenperature  as 
determined  by  time-resolved  atomic  fluorescence. 
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